ABSTRACT
T HE BIODEGRADABILITY of xenobiotic compounds
in soil and water has been the focus of much research. The biodegradability of naturally occurring DOM has received less attention, though there has been considerable research on the fate of fresh autumn leaf litter leachate and on the ability of stream and lake DOM to support the growth of bacteria in those environments (Cummins et al., 1972; Lock and Hynes, 1976; McDowell, 1985) . Most of that research has been used to advance the idea that natural DOM supports significant bacterial growth (Meyer et al., 1987; Dahm, 1981; Bott et al., 1984) . At the same time, there is a widespread belief that dissolved humic substances, which make up much of natural DOM, are quite resistant to decomposition.
For obvious reasons, DOM in soil has received much less attention than that in lakes and streams. The great bulk of organic matter in soil is solid and is a much larger potential resource for soil microorganisms. We want to consider another aspect; however, what are R.G. Quails 578-586 (1992) . the processes that remove the DOM, and the nutrients it carries, from soil solution and prevent its loss from the ecosystem? The DOM leached from the soil can also potentially influence microbial processes in downstream lakes and streams.
In many respects, the biodegradation of the DOM is more important in its role in the N cycle than in the C cycle. In the forest watershed we studied at the Coweeta Hydrologic Laboratory in North Carolina, at least 80% of the total N leached through the soil and into the stream water was in the organic form (Quails, 1989) . Sollins and McCorison (1981) pointed out that DON was by far the major form of N exported from most forested watersheds. Nevertheless, at Coweeta, the DON underwent a 50-fold reduction in concentration as it percolated from the upper soil horizons to the stream. The mechanisms responsible for removing this DON -whether biodegradation or adsorptionare preventing a long-term net loss of N from the ecosystem and a subsequent input to downstream systems.
An ideal assay of relative biodegradability of natural DOM might have the following characteristics: (i) a substrate concentration characteristic of the environment, (ii) the same concentration for different samples, (iii) a microbial inoculum representative of all environments from which the samples were taken, (iv) an inoculum preconditioned to avoid a lag phase, (v) other factors potentially limiting decomposition rates similar between samples, or sufficient so that they would not be limiting, (vi) prevention of the recycling of organic C and N into the dissolved phase where they would be confused with the original substrates, (vii) standards of comparison, such as glucose and a refractory substance, as a control for unexpected toxic effects and variation in inoculum, and (viii) a means of distinguishing toxicity of one fraction of the mixture from the inherently low biodegradability of other fractions.
Unfortunately, not all of these ideal criteria can be reconciled when dealing with complex mixtures from environments where concentrations vary widely. We compromised uniformity for naturalness, in some cases, to meet as many criteria as possible.
Our objectives were to: (i) compare the relative biodegradability of DOM from throughfall, soil solution from the Oi, Oa, upper A, AB, and B horizons, and stream water; (ii) determine whether DON is mineralized faster than DOC; (iii) obtain at least a general, maximal measure of the rate of biodegradation to evaluate the hypothesis that biodegradation plays a relatively minor role in the removal of DOM compared with adsorption; (iv) distinguish whether two or more very distinct fractions that differ greatly in biodegradability occur in the mixtures of DOM, and (v) relate the relative biodegradability to differences in the Abbreviations: DOM, dissolved organic matter; DOC, dissolved organic carbon; DON, dissolved organic nitrogen. 
METHODS

Sample Collection
Samples were gathered from 12 plots located in an oakhickory forested watershed (WS-2) at the Coweeta Hydrologic Laboratory in the southern Appalachian Mountains of North Carolina. Elevations of WS-2 range from 700 to 1000 m. Precipitation during the year of study, 1987, was 1537 mm or 86.7% of normal. Plots were stratified by soil type and slope position. Three soil types occur on the watershed: the Tusquitee series (a coarse-loamy, mixed, mesic Umbric Dystrochrept) in the riparian zone, the Fannin series (a fineloamy, micaceous, mesic Typic Hapludult) on the middle slopes and lower ridges, and the Chandler series (a coarseloamy, micaceous, mesic Typic Dystrochrept) on the upper slopes and ridges. The forest floor is distinctly divided from the A horizon. It has distinct Oi and Oe horizons and, in some places, a distinct Oe horizon between them. Samples of throughfall were collected with troughs. Water percolating from the bottom of the Oi and Oa horizons of the forest floor was collected in zero-tension soil water collectors (Jordan, 1968) . Soil water was collected from the upper A horizon, the bottom of the AB or A2 horizons, the B horizon, and the upper C horizon in porous-cup vacuum collectors at -50 kPa. Stream water was collected at the base of the watershed. A more detailed description of the site and sampling apparatus is given in (see also, Swank and Crossley, 1988) .
Collections were made during 1-wk periods in February, May, August, October, November, and December 1988. Only samples from February, May, and August were assayed. Every effort was made to collect, filter, and preserve the samples as quickly as possible. Throughfall and forest floor water samples were collected both during and within 1 h after the end of rainstorms occurring within the sampling week. Soil water collectors were emptied every 24 h or less during the sampling period. Stream water was collected during periods of baseflow. Samples were placed on ice within 1 h after collection, filtered through a Whatman GF/F glass fiber filter (Whatman, Clifton, NJ) within 8 h, composited from all 12 plots, and frozen in liquid N 2 within 36 h in most cases. While conventional slow freezing may lead to flocculation in some samples (Giesy and Briese, 1978) , filtration through a glass fiber filter again after thawing showed that there was no significant particle formation in our frozen samples.
Sample Preparation
To compare samples initially varying in DOC content from 0.5 to 52 mg L' 1 , we diluted or concentrated all samples to 6 mg L-1 so that the initial gross substrate level would be consistent. Samples with low DOC concentrations were concentrated using a Virtis freeze concentrator (Virtis Co., Gardiner, NY) (Shapiro, 1961) . This method was chosen because it is gentle and nonselective, and the sample is concentrated at 0°C so microbial growth and evaporation of volatiles are prevented. The common DOC concentration was chosen because it was characteristic of upper A horizon soil solution. The initial substrate concentration of individual components, or enzyme-specific classes of compounds, undoubtedly varied, however.
Samples were all adjusted to pH 6 with NaOH or HCI. This pH was chosen because it was not low enough to inhibit decomposition and it was in the range of the stream and lower soil horizon samples.
Three other types of DOM were used for a comparison:
glucose, a freeze-dried fulvic acid sample isolated from a humic lake (Quails and Johnson, 1983) , and soluble organic matter extracted from freshly fallen autumn leaves . Preliminary tests indicated that the glucose decomposition was nutrient limited, so Na 2 HPO 4 , NH 4 C1, and NaNO 3 were added to match the average total P and total N of the other samples. A mixture of other mineral salts, designed to simulate soil solution, was also added. The same approach was taken for the fulvic acid, except that the organic N and P content of the fulvic acid was taken into account before additional N and P was added. The glucose and fulvic acid were added to low-DOC (0.4 mg L-1 ) stream water along with the inorganic amendments.
A set of sterile controls utilizing the Oa horizon samples was also incubated to control for flocculation and vaporization of organics. The control solution was filter sterilized (0.2-(j,m filter) and aerated aseptically. Another set of controls consisting of deionized water, were inoculated and treated as regular samples.
Inoculation
A section of forest floor and soil was dug up, kept in the laboratory, and watered periodically to maintain a relatively consistent source of inoculum. A mixture of lower forest floor material, A horizon soil, and stream sediment was chopped in a blender. The suspension was filtered sequentially through 37-and 0.2-u,m filters, and the particles between 0.2-and =37-|xm diam. were washed with stream water and resuspended. To speed initial microbial growth and prevent a lag phase, the suspension was incubated in a mixture of various samples at 28 mg L-' of DOC for 16 h. The suspension was filtered and resuspended in stream water, and 0.2 mL were added to each sample as quickly as possible. An autoclaved and washed suspension was also added aseptically to the sterile controls.
Incubation
We added 300 mL of each of the samples to each of three replicate flasks. After inoculation, the flasks were aerated with charcoal-filtered, membrane-filtered, water-vapor-saturated air. The thin stream of air also gently circulated solution in the flasks. Two shredded-glass-fiber filters, which could be suspended and representatively sampled, were added to provide extra surface area for microbial growth. Incubation temperature was maintained between 22 and 24 °C.
Five-milliliter samples were removed immediately after inoculation, 1,2, 4, and 8 d later, and then at progressively longer intervals to 134 d. Suspensions were well mixed before removing the samples. Samples were filtered and analyzed in duplicate for DOC using an automated persulfate oxidation method (Model 700 TOC Analyzer, OI Corp., College Station, TX). Subsamples from every second sampling time were analyzed for total dissolved N, NH 4 , and NO 3 , by methods detailed in Quails (1989) . Dissolved organic N was calculated from total dissolved N minus NH 4 and NO 3 .
Microbial biomass could generate secondary DOC or DON that was not part of the original substrate via excretion, cell lysis, or enzymatic hydrolysis of dead cells. To minimize the accumulation of senescent and dead microbial biomass we periodically removed a portion of the particulate matter. Every time a particular flask had lost an additional 10% of its original DOC, 80% of the volume of the flask was filtered and then returned to the flask. Additional shreddedglass filters were added afterwards. This allowed 20% of the suspended biomass to serve as a base for continued growth and presumably maintained a more actively growing biomass. This periodic harvesting of particulate matter did not seem to have any sustained influence on the shapes of the decay curves. There are no consistent inflections at 90, 80, 70, or 60% DOC remaining in the decay curves ( Fig.  1) . In many cases, the curves began to level out before any filtration of particles was done.
A budget of water volume removed and water remaining at the end of the experiment allowed evaporation to be calculated. Generally, = 12 mL out of the initial 1300 mL evaporated. We assumed a constant rate of evaporation and corrected each of the analyses by a factor to compensate for this evaporation.
Data Analysis and Assumptions
Because there usually seemed to be at least two relatively distinct phases of decomposition during incubation, we iteratively fit the curves of decomposition with time to a twocomponent first-order decay model :
where t = time (units of d), 100 -b and b are the initial percentages of the rapidly and slowly decaying components, respectively, and /:, and fc 2 are tne rate constants of the two components. We estimated the initial proportions of the relatively rapidly and slowly decaying components from the intercept of the slow portion of the decay curve. Since there were probably many components, the assumption that there were only two was a simplification, but there seemed to be two relatively discrete categories of decay rates.
To avoid depending on the assumptions of first-order decay -the assumption being that decay rate was proportional to substrate concentration -we simply used the DOC remaining at the end of the incubation to draw most conclusions about relative decay rates. We also attempted to avoid depending on first-order assumptions by adjusting the initial DOC to a common concentration. Since DOM is really a mixture of substrates, however, this method was not entirely independent of these assumptions. The only conclusion that depended on the assumptions of the twocomponent decay model was our attempt to correlate the rapidly decaying component with a specific DOC fraction.
Biodegradability and the Composition of Dissolved Organic Carbon
We compared the decomposition of the DOC with its initial composition. We used a fractionation procedure that divides the DOC into humic substances, hydrophilic acids, phenols (i.e., weak hydrophobic acids), hydrophobic neutrals, hydrophilic neutrals, and bases (Leenheer, 1981) . A more detailed description of this procedure and the results are reported in , but two additional samples were assayed for this study. We also assumed that the fractionation data for four samples gathered in December were representative of our February samples used in the biodegradation experiment, since the composition of the soil DOC was very similar throughout the year . Samples gathered from the A and B horizons in May were not fractionated and were not included in this comparison. Total carbohydrate content was measured on selected samples and fractions using the phenol-H 2 SO 4 assay (Handa, 1966) .
We chose this fractionation procedure because three fractions contain substances that have traditionally been associated with varying degrees of biodegradability. The humic substances are believed to be refractory. The hydrophilic neutral fraction contains the free carbohydrates (those not bound to humic substances) (Leenheer, 1981) , which have been generally regarded as one of the most biodegradable components of DOM (e.g., McDowell, 1985) . Polyphenols, which are suspected of inhibiting microbial activity (Basaraba and Starkey, 1966) , are found in the phenol fraction . In addition, the fractionation procedure utilizes the interactions (water solubility and charge at different pHs) that determine the physicochemical mobility in the soil Leenheer, 1981) .
RESULTS AND DISCUSSION
Relative Decomposition Rates
Decomposition curves show that only a small proportion of the DOM in most of the samples was rapidly degraded (Fig. 1) . Most DOM appeared to be resistant to decomposition, with the exception of that in litter leachate and some throughfall samples. The percentage of initial DOC remaining during the incubation period is shown with a logarithmic scale on the y axis to reveal any distinctly resolved phases of exponential decay. Only a few of the samples exhibited any evidence of a lag phase in the first 4 d. The relatively rapid phase of decomposition in the first 2 wk consumed from 4.5 to 19% of the DOC of the soil water and stream samples. In most samples this initial phase was relatively distinct, but the percentage of DOC consumed was small. The August throughfall samples, however, decomposed at a more or less gradually declining rate. The proportions of each component estimated by the two-component model are shown in Table 1 .
There were significant changes in the biodegradability of the DOM in the water as it percolated through the canopy, forest floor, soil, and finally into the stream. These changes are shown most clearly by the percentage of initial DOC remaining at the end of the incubation period (Fig. 2) . The statistically significant differences between the types of samples were shown by a multiple comparison of means from different strata and soil horizons (Table 2) . For this analysis, we pooled values from the three different months. In addition, a two-way analysis of variance on the throughfall, soil, and stream water results revealed the following: a significant difference among the main-effect means for sample type (P < 0.0001); borderline differences among the main-effect means for month (P = 0.06) and a significant interaction of the effects of sample type and month (P = 0.001).
The throughfall samples were clearly more biodegradable than any of the others except glucose and leaf leachate. There were major differences between the August and May throughfall samples, both of which contained dissolved organic matter leached from deciduous leaves during the growing season. Decomposition of the August throughfall sample was only slightly slower than decomposition of glucose during the first 4 d, but decomposition slowed thereafter (Fig.  1) .
The biodegradability of DOM in water decreased significantly as it percolated downward through the canopy and the Oi, Oa, and A horizons (Fig. 2, Table  2 ). The A horizon samples were the least biodegradable of the samples and were comparable to the isolated fulvic acid samples. Within the mineral soil, there was a tendency for biodegradability of DOM to increase with depth below the upper A horizon. Fi- nally, the stream-water samples were similar to samples from the AB, B, and Oa horizons. This similarity is not unreasonable, since stream-water DOM is a combination of DOM leached directly from organic detritus in the stream channel and DOM that has passed through the soil.
Dissolved Organic Nitrogen
Partly because most samples lost only a small proportion of their organic C, there were few dramatic changes in the C/N ratios (Table 3) . Rather than showing decomposition curves for the DON, it is more revealing to express the results in terms of a change in the C/N ratio; that way we can confirm whether or not DON-rich components were preferentially decomposed. Not surprisingly, most samples that lost very little DOC did not change significantly in their C/N ratios. Only for the May throughfall was there evidence for preferential decomposition of DON-rich components. The opposite was true for the August throughfall, the most biodegradable of all field samples, in which there was a significantly lower C/N ratio after decomposition. It is possible that decom- position of the abundant carbohydrates in this sample left a more N-rich refractory component. In addition, the August Oa and the May AB samples had significantly lower C/N ratios after decomposition. In general, the DON was as refractory as the DOC. McGill and Cole (1981) hypothesized that soil decomposers generally did not selectively hydrolyze N- (SAS Institsute, 1985) . Means with the same letter are not significantly different at the 0.05 probability level. 2) * Pairs of means in the same row (initial vs. final) significantly different at 0.05 probability level. The Mests were used to compare the initial and final C/N ratios (after arcsine transformation) (SAS Institute, 1985) . t Standard error for n = 3 replicates is shown in parentheses. t ND = not determined.
containing compounds in response to N limitation, but instead N mineralization depended on C mineralization. Our results for soil DOM are generally consistent with this hypothesis, since a selective hydrolysis of organic N would tend to increase the C/N ratio of the remaining organic substrate. There are two biological processes that might result in a higher C/N ratio in the remaining substrate: (i) enzymatic cleavage of N-containing functional groups from the rest of a molecule, and (ii) selective decomposition of whole N-rich molecules within the mixture of substances comprising the DOM. Even Process (ii) might not necessarily be induced by a biochemical "need" for N, but might occur because the carbonaceous component of N-rich molecules are more easily decomposed. We saw no evidence of either process. The fact that N is widely distributed among a variety of classes of compounds in DOM may partly explain why we did not see evidence of Process (ii).
The C/N ratios of forest floor DOM were comparable to or greater than those of solid Oi horizon litter, The regression was significant (P < 0.05), but the correlation (r) was poor, indicating that the content of humic substances not the only factor explaining the decomposition rate of DOC from various sources and months.
and C/N ratios of A horizon DOM were higher than A horizon solid organic matter . Thus, the DOM was not a richer source of N than solid soil organic matter.
Composition of the Dissolved Organic Matter
We evaluated four hypotheses to explain the difference in decomposition of the DOM samples:
1. Decomposition was inversely related to the content of the humic substances. 2. Decomposition was related to the initial content of the carbohydrate-rich (about 51%) hydrophilic neutral fraction. 3. Decomposition was inversely related to the content of possibly inhibitory polyphenols. 4. The relative decomposition was related to the initial organic N or P in the solutions. Humic substances in water are widely believed to be resistant to decay. Our isolated fulvic acid decayed very slowly, as expected. We found, however, only a very weak inverse relationship between decomposition rate and the initial percentage of the DOC classified as humic substances (Fig. 3) . If throughfall and litter leachate are excluded from the regression, the correlation is not significant. We believe this correlation was weak because there were also other classes of DOM besides humic substances that decayed slowly but were not tightly correlated with the content of humic substances. For example, in the upper A horizon samples, =42% of the DOC was humic, yet > 80% of the DOC remained undecomposed. A fraction classified as hydrophilic acids (comprising 9-34% of the DOC) was also colored and might contain some humic-like substances . Since hydrophilic acids constituted the bulk of the nonhumic DOC in most samples, at least part of this hydrophilic acid fraction must be resistant to decomposition to account for the amount of DOC that remained at the end of the incubation. There was a much better positive correlation between the percentage of DOC lost during the incubation period and the initial content of hydrophilic neutral substances (r = 0.83) (Fig. 4) . These substances may correspond with the generally small component of the DOC that decomposed relatively rapidly in the first few weeks of incubation. In fact, the correlation (r) unproved to 0.88 when we estimated the initial content of the more rapidly decaying component (using the biphasic decay model), and plotted it against the content of hydrophilic neutral substances (Fig. 5) . Also, the percentages of the two components corresponded better, although quite a bit of variability remained unexplained. The hydrophilic neutral fraction averaged =51% carbohydrate content. Carbohydrate content has often been used as an indication of the biodegradability of DOM. However, the gross carbohydrate content should be interpreted with caution.
For example, the humic substances in our samples contained an average of 16% carbohydrate. Sweet and Perdue (1982) also found that a large portion of the total carbohydrates in river DOM was bound to humic substances.
About 36% of the DOC extracted from freshly fallen autumn leaves was in the hydrophilic neutral fraction, about half of which was carbohydrate. This fresh autumn leachate has frequently been used in studies of microbial growth on DOC (Dahm, 1981; Bott et al., 1984) . It was clearly so much more biodegradable and different in composition from the DOM leaching from both the forest floor and that found in stream water during most of the year that we believe it is not an appropriate model for DOM in general.
There was no significant relationship between the percentage of the initial DOC in the phenol fraction and the decomposition of DOC (P > 0.10). This phenol fraction was defined as weak hydrophobic acids by Leenheer (1981) . The fraction contains polyphenols, such as tannins and flavonoids that have less than about one carboxylic acid group per 13 C atoms (Thurman, 1985; , that are suspected of inhibiting decomposition. In fact, the two samples with the highest content of the phenol fraction (the August throughfall and the litter leachate) decomposed fastest. In this biodegradation assay, it was impossible to separate strictly the effects of inherently poor substrate quality from the inhibitory effect of some toxic fraction. This may be a moot point since the mixtures occur together in the soil solution.
In some cases, inorganic N has been found to be correlated with the decomposition rate of fresh leaf litter (Meyer and Johnson, 1983) . We found no significant correlation, however, between the initial inorganic N (not shown, n = 0.03, P > 0.10) or inorganic P concentrations (not shown, r = 0.02, P > 0.10) in the solutions and decomposition of the DOM. The glucose and fulvic acid solutions were excluded from the regressions.
Role of Decomposition of Dissolved Organic Matter in the Soil
To what extent can the rates of decomposition observed in this assay reflect the rates in the environment? Although our experiments were mainly designed to measure relative biodegradability, we believe some generalizations can be made. The very slow decomposition of most of the soil-solution and stream-water DOM samples under generally favorable laboratory conditions suggests that most of this DOM is refractory. Certainly the inoculation was sufficient to initiate rapid decomposition of the glucose with no apparent lag phase. Although high initial populations of bacteria can completely consume small additions of glucose even more rapidly in culture, the initial glucose concentration was very low, only 6 mg L" 1 of DOC. Proving that a substrate or group of substrates is not easily degraded requires proof by exhaustion. Most substances can be degraded by some microorganisms under at least some, perhaps peculiar, conditions. Unless the culture conditions perfectly duplicate those in the soil solution, we cannot be sure that the decomposition rate is similar in soil. If we mimicked soil conditions, we would sacrifice the ability to compare DOM from different environments under uniform conditions. One problem with the laboratory incubation of solutions was that it was unlikely that the basidiomycetes and some other multicellular fungi were active. These fungi may play a role in decomposition of humic substances. Aquatic bacteria that readily grow in culture, however, can also degrade humic substances (de Haan, 1972; Rifai and Bertru, 1980) . Despite the artificial conditions of incubations, most of the soil DOM probably cannot be considered labile.
Most of the soil-water and stream-water decomposition curves had a small, initially fast phase, suggesting that small components of the mixtures were relatively labile (Fig. 1, Table 1 ). These small components could be extensively degraded during their residence times in the individual soil horizons. The stream samples also exhibited a small, relatively labile component -especially the May sample, where it amounted to =15% of the DOC. It seems doubtful that this component is extensively decomposed during the short residence time of stream water within the streambed. The substrate is present at 10-fold lower concentrations in stream water, in which case the relatively labile fraction would be only ==0.1 mg L~' DOC, and temperatures are usually cooler than in the laboratory. Nevertheless, a continuous flow of this low-concentration substrate over attached bacteria on the stones in the stream could conceivably support some oligotrophic bacterial growth. Meyer et al. (1987) used concentrated DOM, fractionated into molecular size classes, from another similar stream at the Coweeta Hydrologic Laboratory in an experiment on bacterial growth on DOM. The DOM was incubated for 72 h at a considerably higher concentration than we used in our experiments. The decomposition rate was relatively fast during this initial period. The portion of the DOC that supported relatively rapid bacterial growth may have been analogous to our small relatively labile fraction. In addition, the much lower concentrations we used could have resulted in much slower bacterial growth rates. Meyer et al. (1987) also noted a strong association between apparent molecular size and biodegradability. In their experiment, none of the fraction > 10000 nominal molecular weight was consumed, while 86% of the less abundant fraction that was < 1000 nominal molecular weight was consumed.
Removal of Dissolved Organic Matter from the Soil
Profile: Decomposition vs. Adsorption
We found no compelling evidence to reject the hypothesis that decomposition plays a relatively minor role in the 100-fold reduction in DOC and the 50-fold reduction in DON (Quails, 1989) in the hydrologic profile of the forest. Removal of DOM by adsorption occurs in minutes (Quails and Haines, 1992) . Adsorption can explain the relatively constant DOC concentrations at a particular place in the soil during storms and throughout the year (Quails, 1989) . Surely, if biodegradation controlled DOC concentrations, there would be greater temporal variation.
Our results showed that only a small proportion of the forest floor, soil, and stream-water DOM decom-posed rapidly, whereas a larger portion of throughfall was labile. Whether the more labile fraction was subject to the same degree of rapid adsorption we do not know, but we do know that the DOM of the A horizon was the most refractory. This suggests that either biodegradation or selective adsorption ion the A horizon or the forest floor selectively consumed the small, relatively labile fraction.
Adsorption in the A horizon was probably responsible for removing most of the DOC draining from the forest floor, reducing average DOC concentrations from 33 mg L-1 to ~6 to 8 mg L" 1 in the upper A horizon. Adsorption also seems to maintain a relatively constant DOC concentration at a particular place in the A horizon regardless of water flux or season (Quails and Haines, 1987, unpublished data) . The A horizon DOM also seemed refractory regardless of the residence time of the soil solution in the A horizon. For example, during our sampling week in May, strong storms had quickly flushed DOM from the forest floor into and through the A horizon. In the February sampling period, however, residence time of water in the A horizon was much longer, but the soil DOM collected during both periods was refractory.
Some very slow rate of decomposition of even the refractory DOM probably occurs in the A horizon. Because a relatively constant DOM concentration similar to that used in our experiments is maintained in soil solution, decomposers are continuously exposed to this substrate.
The increase in biodegradability in the lower soil horizons might have several explanations: (i) there might be selective removal of the more refractory fractions by adsorption, (ii) there might be generation of more labile substances below the A horizon from roots, decomposition of solid soil organic matter, or microbial exudation, or (iii) the much lower concentrations of DOM and the lower level of microbial activity in the lower soil might act to decrease the rate of decomposition of the small, more labile fractions. Explanations (ii) and (iii) are not entirely consistent with the reduction in biodegradability as forest-floor DOM moved into the A horizon. Explanation (i), however, seems likely because there was a corresponding trend in the percentage of the DOC in the hydrophilic neutral fraction that we suspect to be the more labile fraction and to be the one that is less strongly adsorbed.
The emphasis of this work is on decomposition of soil DOM. Unfortunately, there has been very little research on the subject so we must turn to studies of stream-water DOM to compare our results. A number of limnologists have attributed the removal of DOM from stream water and stream microcosms to microbial metabolism (Cummins et al., 1972; Lock and Hynes, 1976; Dahm, 1981; Bott et al., 1984) . Often, the source of DOM for these experiments is fresh leachate from autumn-shed leaves. There may be several problems in associating the removal of DOM with microbial metabolism of leaf leachate: (i) removal might represent adsorption as well as metabolism, (ii) sterilized sediments used as a control may release DOC (discussed by McDowell, 1985) , (iii) the leachate of freshly fallen autumn leaves may be quite different than the DOM entering streams most of the year, or (iv) the DOC concentrations used in experiments may be unrealistically elevated, allowing microbial uptake to be greatly accelerated (although adsorption may also be increased). McDowell (1985) found that 12.7% of the fresh leaf leachate he used was monomeric carbohydrates, which might be expected to decompose rapidly. Meyer et al. (1987) compared fresh oak and hickory leachate to ambient stream and river DOM and found the degradation rate of the leachate to be higher in some molecular size fractions, so leachate may not be representative of DOM in general. McDowell (1985) found several forms of evidence that the rapid removal of leaf leachate added to a stream was mainly due to abiotic adsorption to sediments. In laboratory incubations, autoclaved sediments removed DOC almost as effectively as untreated sediments. A 12% increase in sediment respiration after leachate addition could not have accounted for the DOC removal. In the stream, he found that both large-and small-molecular-size DOC was rapidly removed. There was also no preferential removal of either monomeric or polymeric carbohydrates relative to phenolics. There was a slightly greater uptake of polymeric carbohydrates compared with unidentified DOC. He also pointed out that addition of FeCl 2 increased removal of DOC by sediments. In contrast, Dahm (1981) tested biotic vs. abiotic uptake of fresh alder leachate and found that, of the DOC removed, 20% was adsorbed and 77% was removed by microbes. The initial DOC was elevated to =15 mg L" 1 . Our results suggest the following hypothetical view of the major relationships between DOM, adsorption, and microbial decomposition. Large quantities of DOM are generated in the forest floor and, to a much smaller extent, in the forest canopy. Most of this DOM is very rapidly adsorbed in the A horizon (Quails and Haines, 1992) , where a certain proportion remains in the soil solution by equilibrium with the adsorption sites. Biological decomposition of organic matter in the dissolved phase is too slow to remove a large portion of the DOM percolating through the soil. Adsorbed to the soil matrix, this once-dissolved material is retained and concentrated. Bacteria and fungi close to these surfaces exude exoenzymes that can hydrolyze the adsorbed materials in a much more concentrated form. This same argument may apply to the surface of stream sediments (McDowell, 1985) . Over long periods of time, the slow biological decomposition of soil organic matter clears the adsorbing surface of solid organic matter and the adsorption capacity is renewed. Thus, we view the fate of most soil DOM as a twostep process involving the initial rapid adsorption followed by slow biological mineralization.
